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Abstract
We present fully analytical solutions for the deformation of a stretched soft substrate due to the
static wetting of a large liquid droplet, and compare our solutions to recently published experiments
(Xu et al, Soft Matter 2018). Following a Green’s function approach, we extend the surface-stress
regularized Flamant-Cerruti problem to account for uniaxial pre-strains of the substrate. Surface
profiles, including the heights and opening angles of wetting ridges, are provided for linearized
and finite kinematics. We fit experimental wetting ridge shapes as a function of applied strain
using two free parameters, the surface Lame´ coefficients. In comparison with experiments, we find
that observed opening angles are more accurately captured using finite kinematics, especially with
increasing levels of applied pre-strain. These fits qualitatively agree with the results of Xu et al,
but revise values of the surface elastic constants.
I. INTRODUCTION
Capillary phenomena of liquids are familiar to us from everyday life and have a long
history in theoretical mechanics [1]. There, surface stresses dominate the mechanics of
liquids, leading to a range of phenomena from the spherical shape of small water droplets
to capillary action within narrow tubes. Their effects are visible to the naked eye because
their characteristic scale is set by the capillary length Lc =
√
γ/ρg ∼ O(mm), which
relates the surface energy, γ, to density, ρ, and gravitational acceleration, g. In solids,
capillary phenomena dominate at length scales much shorter than the elastocapillary length,
le ∼ Υ/E. Here, Υ is the surface stress and E denotes the material’s Young’s modulus.
For stiff engineering materials (E ∼ O(GPa)), the elastocapillary length is comparable
to the atomic scale. Thus, capillary phenomena are rarely significant in stiff materials.
Soft materials (E ∼ O(kPa)) feature elastocapillary lengths that can reach O(10 µm).
Thus, capillary phenomena can become relevant in a variety of settings, e.g., the wetting
behavior on soft substrates [2–6], flattening of nearly plane soft solids [7], stiffening effects
in composites with liquid inclusions [8], or soft adhesion [8].
Solid surface stresses have several features that distinguish them from liquid surface
stresses. Due to the ability of liquid molecules to freely rearrange, the surface energy of
∗ stefanie.heyden@mat.ethz.ch
† eric.dufresne@mat.ethz.ch
hg
l
g
sl gsv
q
g
l
l
p/2-y
a
q
l
z
x
y
FIG. 1. Sketch of the static wetting problem under consideration, illustrating opening angle α of
the wetting ridge, contact angle θ, as well as in-plane angle ψ between an applied pre-strain xx
and the contact line generated by liquid surface tension γl.
simple liquids is independent of deformation. Consequently, the surface stress takes on a
strain-independent isotropic form, Υij = γ
l δij. Thus, the terms ‘surface tension’ and ‘surface
energy’ are used interchangeably in that context [9]. Solids on the other hand exhibit much
more complex surface stresses, including, e.g., anisotropy [10, 11] and inelasticity [12, 13].
Our understanding of the underlying physical principles governing surface stresses in soft
solids, however, is only weakly developed and constitutes an active subject of research [14–
21].
To shed light on surface stresses in soft solids, recent experiments have used static wetting
techniques [9, 15, 16, 22]. There, liquid droplets were deposited on soft substrates, and the
microscopic geometry of the contact-line (where the three interfaces meet) was precisely
measured. As illustrated on the left of Figure 1, surface stresses were inferred from a local
force balance, ignoring any contributions from bulk elasticity. The net force per unit length
of the contact line was assumed to have contributions from the surface tensions of the liquid-
vapor interface, γltˆsli , the solid-liquid interface, Υ
sl
ij tˆ
sl
j , and the solid-vapor interface, Υ
sv
ij tˆ
sv
j .
Here, Υij is the surface stress tensor and tˆj is the tangent vector of each interface. To
gain insights into the strain-dependence of surface stresses, recent experiments [15, 16] have
applied the same approach to stretched substrates as shown in Figure 1 on the right. In
these experiments, the substrate is stretched in both uniaxial [15] as well as biaxial [16]
set-ups preceding droplet deposition.
Data from [16] is shown in Figure 2, which depicts the measured static wetting profiles
within the direction of applied pre-strain and perpendicular to the direction of applied pre-
strain. The slope of the surface converges to a finite value below the elastocapillary length
since the tip behavior of wetting ridges is dominated by surface stresses [23]. Thus, the tip
geometry is well-described by the opening angle, α. As shown in [16], the opening angles
are strain-dependent. A balance of surface stresses at the tip suggests that the surface
stresses are also strain dependent. An alternate explanation of these data has emerged
recently, based on nonlinearities within the bulk material, propagated to singular points at
the surface [18].
Analytical solutions to the static wetting problem trace back to classical problems of
point- and line forces on an elastic half space commonly referred to as the Boussinesq- and
Flamant problem, respectively [24, 25]. In addition, Cerruti’s problem considers a point force
that is tangent to the surface of a half-space [26]. Solutions were subsequently extended to
account for anisotropic half-spaces [27, 28], as well as isotropic media of finite thickness and
possibly multiple layers [29–31].
Here, we extend the analytical solution to the static wetting problem in the large droplet
limit to furthermore account for pre-strains of the surface. To predict the fully three-
dimensional profile of the wetting ridge, solutions account for varying in-plane angles be-
tween the attendant line force and the applied pre-strain. To gain further insight into the
characteristics of the strain-dependence of surface stresses, the theory is laid out in both
frameworks of linearized and finite kinematics and predicted opening angles of the wetting
ridge are compared to available experimental data. We compare our results to published
experiments, finding good agreement for data with revised elastic constants.
II. FORMULATION OF THE PROBLEM
To model substrate deformations upon static wetting in the limit of large droplets, we
consider a substrate of finite thickness, h, as shown in Figure 1. The substrate is assumed
to be neutrally-wetted, such that Υsvij = Υ
sl
ij. For convenience, both will be referred to as
Υij in the following. We further allow for an emergent anisotropy in surface stresses due
to pre-strains applied to the substrate. Solutions account for varying in-plane angles ψ
between the applied pre-strain and the in-plane direction perpendicular to the contact line,
thus predicting the fully three-dimensional surface profile of a large sessile droplet.
FIG. 2. Top: Experimental static wetting profiles within the direction of applied pre-strain (A)
and perpendicular to the direction of applied pre-strain (B). Bottom: Zoom into the surface stress
dominated region of experimental static wetting profiles and corresponding fittings. The data
shown here is a subset of experimental static wetting profiles first published in [16]
.
A. Bulk elasticity
We follow a Green’s function approach in studying the effect of a line force acting upon
an elastic substrate within the linearized kinematics framework. Starting from linear mo-
mentum balance, insertion of the Cauchy relations for an isotropic linear elastic material
gives the well-known Navier-Lame´ equations
(λ+ 2µ)ux,xx + (λ+ µ)(uy,yx + uz,xz) + µ(ux,yy + ux,zz) = 0
(λ+ 2µ)uy,yy + (λ+ µ)(ux,xy + uz,yz) + µ(uy,xx + uy,zz) = 0 (1)
(λ+ 2µ)uz,zz + (λ+ µ)(ux,xz + uy,zy) + µ(uz,xx + uz,yy) = 0,
whereby gravitational effects are neglected. For the limiting case of large droplets, the line
force generated by the liquid surface tension γl may be approximated as a straight contact
line as illustrated in Figure 1. Under the assumption of plane strain within the in-plane
direction parallel to the contact line, the set of Equations (1) simplifies to
(λ+ 2µ)ux,xx + (λ+ µ)uz,xz + µux,zz = 0
(λ+ 2µ)uz,zz + (λ+ µ)ux,xz + µuz,xx = 0. (2)
Application of Fourier transformations in x leads to a system of ordinary differential equa-
tions, which can be recast into matrix form as
uˆx,z
uˆz,z
uˆx,zz
uˆz,zz
 =

0 0 1 0
0 0 0 1
0 0 4pi
2(λ+2µ)
µ
k2 −2pii(λ+µ)
µ
k
0 4pi
2µ
(λ+2µ)
k2 −2pii(λ+µ)
(λ+2µ)
k 0


uˆx
uˆz
uˆx,z
uˆz,z

with wave number k. In shorthand notation, a solution to the system
∂
∂z
uˆj = Aijuˆj (3)
may be written in terms of matrix exponentials
uˆj = e
Aijzuˆ0j , (4)
whereby we find the Jordan normal form of Aij to compute the matrix exponential Bij =
eAijz (the full form of Bij is given in the appendix). Here, uˆ
0
j denotes boundary conditions
applied at the bottom of the substrate in the form uˆ0x = 0 and uˆ
0
z = 0. The solution may be
reformulated as
uˆi = Bijuˆ
0
j =
B1 B2
B3 B4
 uˆ0j , (5)
with uˆi = (uˆx, uˆz, uˆx,z, uˆz,z) and uˆ
0
i = (0, 0, uˆ
0
x,z, uˆ
0
z,z). Each block Bi furthermore constitutes
a 2× 2 matrix, with uˆx
uˆz
 = B2
 uˆ0x,z
uˆ0z,z.
 (6)
Using this relation, we can replace uˆ0j with (0, 0, B
−1
2 (uˆx, uˆz)), which gives
uˆi =
B2B−12
B4B
−1
2
uˆx
uˆz
 . (7)
In the following, we aim to solve for substrate displacements at the surface z = h only.
Note that in the absence of uniaxial pre-strains prexx , h = h0, whereas h = h(1 − prexx /2))
otherwise. Tractions applied at the surface due to the line force generated by the liquid
surface tension γl take the formσhxz
σhzz
 =
γl cos(θ)δ(x)
γl sin(θ)δ(x)
⇒
σˆhxz
σˆhzz
 =
γl cos(θ)
γl sin(θ)
 , (8)
where θ is the contact angle between the applied line force and the substrate’s surface.
Under the assumption of isotropic linear elasticity, e.g., σij = λkkδij + 2µij, tractions and
displacements may be related via a coefficient matrix S such thatσˆhxz
σˆhzz
 =
S11 S12 S13 S13
S21 S22 S23 S23
 uˆhi
=
 0 iE2(1+ν)k E2(1+ν) 0
− iEν
(1+ν)(2ν−1)k 0 0
E(ν−1)
(1+ν)(2ν−1)
B2B−12
B4B
−1
2
uˆhx
uˆhz
 . (9)
In shorthand notation, we write Equation 9 as
τˆhi = Qˆijuˆ
h
j , (10)
and refer to Qˆij as a generic matrix of spring constants relating tractions τˆ
h
i applied at the
substrate’s surface to surface displacements.
B. Surface stresses
We now proceed to furthermore take into account surface stresses which are counteracting
tractions applied at the substrate’s surface following [32, 33]. Starting from a force balance
at the surface, we have
[σˆijnˆj]
+
− = −(δij − nˆinˆj)Υˆik,j, (11)
where σˆij denotes the Cauchy stress tensor within the bulk material, Υˆik represents the
two-dimensional surface stress tensor and nˆi is the surface normal in the undeformed config-
uration. For an isotropic linear elastic surface stress tensor, Υik = Υ
0δik +λ
smmδik +2µ
sik,
Equation 11 gives
[σˆhxz]
+
− = [tˆiσˆijnˆj]
+
−
= −(δij − nˆinˆj)(Υˆik tˆk),j + (δij − nˆinˆj)Υˆik tˆk,j
= −(δij − nˆinˆj)(Υˆik tˆk),j
= k2(λs + 2µs)uˆhx (12)
to first order in uˆi, with wave number k [34].
To derive surface stresses counteracting normal tractions [σˆhzz]
+
− in an equivalent way, we
first note that
[σˆhzz]
+
− = [nˆiσˆijnˆj]
+
−
= −(δij − nˆinˆj)(Υˆiknˆk),j + (δij − nˆinˆj)Υˆiknˆk,j
= 0. (13)
We therefore derive an expression for the surface normal ηˆi in a perturbed configuration as
ηˆi =

−uˆz,x
−uˆz,y
1
+O(u2). (14)
Using this relation, surface stresses counteracting tractions [σˆhzz]
+
− may be derived as
[σˆhzz]
+
− = [ηˆiσˆij ηˆj]
+
−
= (δij − ηˆiηˆj)Υˆikηˆk,j
= k2Υ0uˆhz +O(u2). (15)
Generalizing Equation 10 to the additional action of surface stresses therefore results in
τˆhi = (Qˆij + Tˆij)uˆ
h
j , with Tˆij =
k2(λs + 2µs) 0
0 k2Υ0
 . (16)
C. Anisotropic surface stresses based on pre-strain
For an isotropic substrate subjected to uniaxial tension in x and free boundaries in y and
z, strains are related as
preyy = −νprexx , (17)
with ν being the bulk’s Poisson ratio. Resultant surface stresses follow as
Υprexx = (λ
s + 2µs − νλs)prexx and
Υpreyy = (λ
s − ν2µs − νλs)prexx , (18)
such that total surface stresses are given by Υik = Υ
0δik+Υ
pre
ik +λ
smmδik+2µ
sik. To derive
the fully three-dimensional profile of the wetting ridge, we introduce an arbitrary in-plane
rotation ψ connecting reference (x, y) and rotated (x′, y′) frames. Surface normals in the
perturbed configuration are related as
ηˆi = R(ψ)ij′ ηˆi′ =

− cos (ψ)uˆz′ ,x′
− sin (ψ)uˆz′ ,x′
1
 , (19)
whereby the corresponding gradient is given by
ηˆi,j = ηˆi,k′R(ψ)jk′ (20)
=

− cos2 (ψ)uz′ ,x′x′ − cos (ψ) sin (ψ)uz′ ,x′x′ − cos (ψ)uz′ ,x′z′
− sin (ψ) cos (ψ)uz′ ,x′x′ − sin2 (ψ)uz′ ,x′x′ − sin (ψ)uz′ ,x′z′
0 0 0
 .
Extending Equation 16 to take into account anisotropy in surface stresses based on an
applied pre-strain hence results in
τˆhi = (Qˆij + Tˆij + Tˆ
pre
ij )uˆ
h
j , with
Tˆ preij =
0 0
0 k2(Υprexx cos
2 (ψ) + Υpreyy sin
2 (ψ))
 . (21)
D. Extension to finite deformation
In the following, we extend the model to account for finite pre-strains of the surface and
subsequently linearize about the pre-strained configuration preceding droplet deposition.
We choose a two-dimensional compressible Neo-Hookean strain energy density
WNH =
µs
2
(
I1
det(F)
− 2
)
+
κs
2
(det(F)− 1)2, (22)
where I1 = tr(F
TF) denotes the first tensor invariant [35]. Linearization about a given finite
deformation gives the tangent matrix in spatial form as
Cijkl = det(F)
−1FjJFlLCiJkL, (23)
with CiJkL = ∂(∂W
NH/∂FiJ)/∂FkL being the tangent stiffness matrix. Note the dependence
on deformation gradient F, which in turn renders the resulting tangent matrix anisotropic
in the present case of a given uniaxial pre-strain F = ((1 + prexx , 0), (0, 1−νsprexx )). Resultant
surface stresses upon subsequent droplet deposition follow as previously derived in Equations
(12) and (15), whereby now Υˆij = Cijklkl.
E. Calculated Surface Profiles
Figure 3 illustrates theoretically predicted wetting profiles within the linearized kinemat-
ics framework at different strain levels. The wetting ridge decreases in height with increasing
pre-strain levels due to a stiffer material response of the surface. This stiffening effect is more
pronounced within the direction of applied pre-strain at Ψ = 0. Similarly, opening angles
of the wetting ridge increase with increasing pre-strain, showing a more distinct increase at
Ψ = 0.
III. COMPARISON WITH EXPERIMENTS
We now compare the the results of these calculations to experiments of Xu et al. To min-
imize systematic errors due to variations in material composition between different samples,
we use an experimental subset of the data first published in [16] spanning one sample over
a range of pre-strain levels at positions A,B at Ψ = 0, pi/2, respectively (see Figure 1).
First, we fit the deformation of the substrate far from the contact line to determine the
substrate elastic modulus. In this region, where the curvature is small, the liquid surface
tension, γl = 0.041 N/m [15], is balanced by bulk elastic forces with contribution from
solid capillary forces. Fitting ranges are chosen from 20µm to the final data point in
each experimental data set. We find that far-field surface profiles for 4 values of the pre-
strain at both locations A and B can be simultaneously best-fit with a Young’s modulus of
E = 2.88 kPa. Figure 4 depicts the tail behavior of experimental static wetting profiles and
the corresponding fittings.
FIG. 3. Static wetting on substrates exhibiting anisotropy in surface stresses based on applied
pre-strains (linearized kinematics framework). Left: Wetting ridges along in-plane angle Ψ under
varying pre-strains of xx = 0.0, xx = 0.125 and xx = 0.25. Right: Corresponding wetting
profiles at Ψ = 0 and Ψ = pi/2 with inset illustrating the increase in opening angles with increasing
pre-strain. Simulations employ values of Υ0 = 0.02 N/m, µs = 0.012 N/m, λs = 0.055 N/m and
E = 2.88 kPa.
Subsequently, surface elastic moduli λs and µs are determined from a comparison of ex-
perimental and analytical opening angles at the tip of the wetting ridge, as surface stresses
dominate the material behavior below the elastocapillary length. Opening angles are cal-
culated by fitting surface profiles within 10µm of either side of the ridge tip to quadratic
polynomials. The position x0 of the tip of the wetting ridge is included as a free parameter
during the fitting procedure to account for possible shifts in experimental profiles. Fitted
profiles are depicted in Figure 2, and their opening angles are depicted in Fig. 5. We note
that all tip profiles are well-fit within the linear regime.
To find best-fit values of surface elastic moduli, we seed the solution space with test
FIG. 4. Profiles of substrate profiles far from the contact line with corresponding their correspond-
ing best fits to the theory described here, with E = 2.88 kPa. Individual curves are shifted by an
offset uoff for better visibility.
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FIG. 5. Opening angles of the wetting ridge as predicted from linearized and finite kinematics
theory in comparison to opening angles measured in static wetting experiments. Values are depicted
for different pre-strain levels  and compared both within the direction of applied pre-strain at Ψ = 0
(A) as well as perpendicular to it at Ψ = pi/2 (B).
points using a grid of varying discretization. Figure 6 illustrates reduced chi-square statistics
χ2 applied to opening angles observed in experiments and simulations within the tested
solution space. Lowest contour levels χ2 = 0.95 indicate that differences in opening angles
obtained from experiments and simulations are in accordance with the experimental error
variance. Resultant best-fit values are obtained as λs = 55±1 mN/m and µs = 12±1 mN/m
(with standard deviations corresponding to a 95% confidence interval). Here, we fixed
Υ0 = 0.02 N/m and γl = 0.041 N/m as reported in previous investigations [15, 16]. This
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FIG. 6. Contour plot showing reduced chi-square statistics χ2 applied to opening angles observed
in experiments and simulations for varying surface elastic moduli. The marker located at (µs =
20 mN/m, λs = 43 mN/m) illustrates χ
2 for surface elastic moduli published in [16].
gives a surface Poisson’s ratio, νs = λs/(2(λs + µs)) = 0.41. In two dimensions, Poisson’s
ratio must lie on the interval νs ∈ [0, 1]. While our specific values of λs and µs differ from
the values in [16], our value of the biaxial stretching modulus Λ = 2(λs + µs) is consistent
from previously reported values [15, 16].
A comparison of the experimental and best-fit opening angles are plotted in Figure 5 as
a function of applied strain. As expected, both theories of linearized and finite kinematics
predict the same opening angle at the tip of the wetting ridge for xx = 0. In the direction
perpendicular to the applied pre-strain, opening angles are recovered within experimental
error measures in intermediate as well as high deformation regimes. Within the direction of
applied pre-strain, however, linearized kinematics theory consistently overpredicts opening
angles of the wetting ridge due to an inherent overstiffening of the material response. Using
a finite kinematics model of surface elasticity softens the material response, resulting in
decreased values of opening angles. This effect is more pronounced with increasing levels
of applied pre-strain. Note that the chosen Neo-Hookean strain energy density allows for
prexx 0.0 0.13 0.22 0.25
αAexp,sub 94 ± 3 109 ± 5 119 ± 6 126 ± 6
αAtheo,lin 96 117 126 129
αAtheo,fin 96 115 123 126
αBexp,sub 93 ± 5 106 ± 7 113 ± 7 120 ± 9
αBtheo,lin 96 107 114 116
αBtheo,fin 96 106 113 115
TABLE I. Opening angles αexp,sub as determined from an experimental subset of data originally
published in [16] and theoretically determined values αtheo,lin and αtheo,fin.
direct comparison to linearized kinematics theory, as both models of surface elasticity may
be formulated in terms of model parameters µs and λs. Experimental opening angles have
furthermore been compared to calculated values based on a two dimensional Yeoh strain
energy density, for which results only display a marginal difference to the chosen Neo-
Hookean model.
For a detailed comparison, Table I lists values of both analytically determined opening
angles within linearized and finite kinematics theory (αtheo,lin and αtheo,fin, respectively) as
well as previously reported experimental results αexp [16]. In addition, Table I lists opening
angles calculated from an experimental subset of the data first published in [16], which is
used in determining best-fit surface elastic moduli λs and µs.
IV. CONCLUSIONS
We have described a theory of strain-dependent surface stresses in the framework of static
wetting by extending the generalized Flamant-Cerruti problem. Analytical solutions provide
fully three-dimensional surface profiles near a contact line, with an arbitary orientation
relative to the direction of applied stretch. We found that finite kinematics more accurately
capture experimental opening angles, especially with increasing levels of applied pre-strain.
To minimize systematic errors, we limited our analysis to a subset of experiments from
[16], where a series of surface profiles are measured on a single substrate as a function of
strain and location. While we recover re-analysis of these data returns the same value of the
surface bi-axial stretching modulus, we find different values of the surface Lame´ coefficients.
The origins of surface elasticity in gels are unknown. One simple model described in
[9] suggests that surface elasticity of gels can arise due to a thin layer of material near the
surface with a modulus much higher than the bulk.
In this picture, 2D Lame´ moduli (denoted as s) are related to the 3D Lame´ of the putative
stiff layer (denoted as l) through (µs, λs) = (µlh, 2µ
lλl
λl+2µl
h), where h is the thickness of the
stiff layer [36]. Substituting our measured values of λs and µs, we find µ
l
λl
= −0.28. Since
elastic moduli must be positive, this is an unphysical result. This suggests that the surface
elastic moduli do not come from such a simple layer, or that nonlinear effects at the contact
line [18] need to be explicitly accounted for.
Possible extensions of the theory presented in this work include a re-formulation of the
problem to allow for bulk elasticity within finite deformations. This extension may leverage
further insights into the strain-dependence of surface stresses within the regime of large
pre-deformations of the elastic substrate. An examination of different constitutive models
of surface elasticity may furthermore give insights into the specific characteristics of strain
dependence. As a secondary measure of comparison, theoretical results could be compared to
local strains at the contact line. Current discrepancies between the predicted and measured
in-plane displacements are based on the influence of the Laplace pressure difference of the
droplet, and could hence be resolved by extending the theory to droplets of arbitrary size.
Future experiments on a wider range of materials with different interfacial properties are
furthermore needed to differentiate between the two hypotheses of strain-dependent surface
stresses versus the effects of bulk nonlinearities being propagated to surfaces of constant
surface energy [18]. Possible experimental set-ups in future investigations could include a
droplet deposited on a stretched soft solid substrate immersed in a second liquid phase.
Varying second liquid phases would thus allow testing of a wide range of surface tensions at
the contact line.
V. APPENDIX
The full form of components B1 through B4 of the matrix exponential Bij in equation (5)
is given as
B1 =
cosh(kz) + kz sinh(kz)(2−4ν) i(kz cosh(kz)−sinh(kz))4(−1+ν)
2i(kz cosh(kz)−sinh(kz))
8ν−4 cosh(kz) +
kz sinh(kz)
(4ν−4)

B2 =
kz cosh(kz)+3 sinh(kz)−4ν sinh(kz)4k−4kν 2iz sinh(kz)8ν−4
iz sinh(kz)
4(ν−1)
kz cosh(kz)−3 sinh(kz)+4ν sinh(kz)
4kν−2k

B3 =
k(−kz cosh(kz)+(4ν−3) sinh(kz))4ν−2 ik2z sinh(kz)4(ν−1)
2ik2z sinh(kz)
8ν−4
k(kz cosh(kz)+(4ν−3) sinh(kz))
4(ν−1)

B4 =
cosh(kz) + kz sinh(kz)(4−4ν) 2i(kz cosh(kz)+sinh(kz))8ν−4
i(kz cosh(kz)+sinh(kz))
4(−1+ν) cosh(kz) +
kz sinh(kz)
(4ν−2)

[1] J. C. Maxwell, Encylopaedia Britannica 5 (1878).
[2] A. Carre´, J.-C. Gastel, and M. E. Shanahan, Nature 379, 432 (1996).
[3] C. Extrand and Y. Kumagai, Journal of Colloid and Interface Science 184, 191 (1996).
[4] P.-G. de Gennes, F. Brochard-Wyart, and D. Que´re´, Capillarity and Wetting Phenomena:
Drops, Bubbles, Pearls, Waves (Springer, New York, 2004).
[5] B. Roman and J. Bico, Journal of Physics: Condensed Matter 22, 493101 (2010).
[6] Y.-s. Yu, Applied Mathematics and Mechanics 33, 1095 (2012).
[7] A. Jagota, D. Paretkar, and A. Ghatak, Phys. Rev. E 85, 051602 (2012).
[8] R. W. Style, J. S. Wettlaufer, and E. R. Dufresne, Soft Matter 11, 672 (2015).
[9] R. Style, A. Jagota, C.-Y. Hui, and E. Dufresne, Annu. Rev. Condens. Matter Phys. 8, 99
(2017).
[10] P. Stein, A. Moradabadi, M. Diehm, B.-X. Xu, and K. Albe, Acta Materialia 159, 225 (2018).
[11] T. Dreher, N. Pineau, E. Bourasseau, P. Malfreyt, L. Soulard, and C. Lemarchand, J Chem
Phys 151, 244703 (2019).
[12] H. Altenbach, International Journal of Engineering Science 59, 83 (2012).
[13] M. Pepicelli, N. Jaensson, C. Tregout, B. Schroyen, A. Alicke, T. Tervoort, C. Monteux, and
J. Vermant, Journal of Rheology 63, 815 (2019).
[14] K. E. Jensen, R. W. Style, Q. Xu, and E. R. Dufresne, Phys. Rev. X 7, 041031 (2017).
[15] Q. Xu, K. Jensen, R. Boltyanskiy, R. Safarti, R. Style, and E. Dufresne, Nature Communi-
cations 555(8), 2041 (2017).
[16] Q. Xu, R. Style, and E. Dufresne, Soft Matter 14(916), 916 (2018).
[17] R. Schulman, M. Trejo, T. Salez, E. Raphael, and K. Dalnoki-Veress, Nature Communications
9, 982 (2018).
[18] R. Masurel, M. Roche´, L. Limat, I. Ionescu, and J. Dervaux, Phys. Rev. Lett. 122, 248004
(2019).
[19] J. Bostwick, M. Shearer, and K. Daniels, Soft Matter 10, 7361 (2014).
[20] Z. Cao, M. Stevens, and A. Dobrynin, Macromolecules 18, 65156521 (2014).
[21] B. Andreotti and J. Snoeijer, Annual Review of Fluid Mechanics 52, 285 (2020).
[22] R. W. Style, R. Boltyanskiy, Y. Che, J. S. Wettlaufer, L. A. Wilen, and E. R. Dufresne, Phys.
Rev. Lett. 110, 066103 (2013).
[23] H. Wu, Z. Liu, A. Jagota, and C.-Y. Hui, Soft Matter 14, 1847 (2018).
[24] J. Boussinesque, Applications des potentiels a` l’e´tude de le´quilibre et mouvement des solides
elastiques (GauthierVillard, Paris, 1885).
[25] A. Flamant, CR Acad Sci 114, 14651468 (1892).
[26] V. Cerruti, Rend Accad Lincei 3(13), 81122 (1882).
[27] V. Sveklo, PMM 28(5), 908 (1964).
[28] J. Willis, J Mech Phys Solids 15, 331 (1967).
[29] D. M. Burmister, Journal of Applied Physics 16, 89 (1945).
[30] Z. Yue, Journal of Mechanics and Applied Mathematics 49, 471 (1996).
[31] R. Merkel, N. Kirchgener, C. M. Cesa, and B. Hoffmann, Biophysical Journal 93, 3314 (2007).
[32] E. Jerison, Y. Xu, L. Wilen, and E. Dufresne, Physical Review Letters 106, 186103 (2011).
[33] R. Style and E. Dufresne, Soft Matter 27(8), 7177 (2012).
[34] R. Style and Q. Xu, Soft Matter 14, 4569 (2018).
[35] G. Holzapfel, Nonlinear Solid Mechanics: A Continuum Approach for Engineering Science
(John Wiley & Sons, Chichester, 2000).
[36] Y. Benveniste and T. Miloh, J Elasticity 88, 87 (2007).
